Three-dimensional numerical ocean circulation model experiments that were designed to evaluate the circulation characteristics for the mid-Cretaceous (-100 million years ago) show that the primary direction of flow through the Tethys Ocean was eastward; in contrast, a westward flowing circumglobal Tethys current has been a consistent feature of earlier reconstructions of Cretaceous ocean circulation. The model studies demonstrate that (i) ocean circulation is sufficiently sensitive to the role of continental positions, sea level, and climate t o limit the application of modern analogs to past circulations, and (ii) reconstructions based o n limited biogeographic data may not provide unique surface circulation patterns.
T h e Tethys Ocean is one of the most distinctive features of the paleogeography for much of the Mesozoic and Cenozoic. Tethys separated the North American and Eurasian continents from the southern continents of Africa, South America, and India and provided a circumglobal oceanic connection at low paleolatitudes. T h e paleocirculation in Tethys is of considerable interest because of this geography. Particularly for the Cretaceous, much of the well-studied marine sedimentological and paleontological record for this warm time period is associated with the Tethys Seaway and adjacent epicontinental seas.
A westward flowing surface current that circled the globe at the tropics and flowed through the Tethys Ocean ( Fig. 1 ) has been hypothesized on the basis of early laboratory circulation experiments (I) and reconstructions based on Cretaceous biogeography (2, 3). Luyendyk et a!. (I) simulated the surface circulation for the Late Cretaceous using a curved rotating disk with a n applied wind stress and reconstructed Cretaceous continental geometries. Results from these laboratory experiments suggested that a westward circumglobal current system dominated the flow through the Tethys Ocean.
Biogeographic evidence (1, 2) for such a current includes: (i) the homogeneity and distinctiveness of Tethyan faunas, which is indicative of a well-connected a n d welldefined biogeographic regime; (ii) the occurrence of fauna with Tethyan affinities, and therefore an implied Caribbean source, on mid-Pacific guyots; (iii) evidence of a warm -*Ear!h System Sc~ence C r n l e r , Pennsylvania Stare U n i w r s i t y , 512 D r i k e Buildiriy, Univzrsity Park. PA 16802 Edifur's N I~I CRzprinfcd w i l h perrilisiion from S r~e n c e .
v. 243 climate in Europe that may be related to the poleward deflection of Tethyan waters associated with the bulge of Africa; and (iv) evidence that the migration of larger foraminifera (4) was mostly east to west. Based on this evidence, the concept o f a westward flowing circumglobal Tethys current has become a n accepted feature of Cretaceous paleoceanography.
T h e development of ocean models that simulate threedimensional temperature. salinitv, and flow fields from > .
specification of geometry, atmospheric boundary conditions for wind stress, heat and moisture balance, and physical laws has proceeded rapidly during the last two decades (5, 6) . However, application of these models to paleoceanography has been limited (7, 8) . In this report, we describe results from global, numerical ocean model experiments for Cretaceous geography. These experiments suggest that the hypothesis of a westward flowing circumglobal Tethys current may be incorrect.
The ocean model (9) is based on the primitive equations for a hydrostatic, Boussinesq (the differences in density are small and the mean density is utilized in the governing equations except in the computation of the buoyancy term) ocean with a rigid lid. The numerical scheme is that of Bryan (10) . T h e horizontal resolution is 5" by 5", and the vertical levels and bathymetry are based on grid thicknesses of 50. 450, 1500, and 2000 m. Because the model has a relatively coarse grid resolution, diffusion processes a r e used to account for mesoscale eddy effects. Vertical mixing is parameterized a s a function of static stability. T h e largescale features of the global ocean are accurately simulated with this type of model, although the resolution and vertical mixing parameterizations must be considered a s limiting factors in any interpretation, This model allows the prediction of thethree-dimensional fields of velocity, t e m p k ture, and salinity in a n ocean of any specified geometry given the atmospheric conditions at the ocean surface. The wind stress, surface heating, evaporation, and precipitation at the ocean surface can be swecified from observations or from the results of atmosiheric general circulation models ( G C M s ) .
T h e mid-Cretaceous continental reconstructions and distribution of epicontinental seas, a s given by Barron et a/. (11) for 100 million years ago, were digitized and then transformed into the 5" by 5" ocean model resolution (Fig. 2.) T h e continental positions for the mid-Cretaceous are reasonably well known. However, because of the difficulty of reconstructing accurately Cretaceous ocean bathymetry (12), a simple bowl-like ocean bathymetry was utilized for all oceanic reglons other than epicontlnental seas. T h e bathymetry simply was decreased by one vertical level with each grid-point d~s t a n c e from the continental margin until the maximum model depth was reached. A sensitivity experiment, in which oceanic plateaus in the Pacific and shallow depths at the ends of the Tethys Seaway were included, was performed to evaluate the importance of the bathymetry assumptions on the simulated pattern of ocean circulation.
T h e atmospheric conditions specified at the ocean surface were derived from a mean annual atmospheric G C M (13) for mid-Cretaceous geography (1 1). As one test of the sensitivity of the model to specified atmospheric forcing, we also used parameters derived from a G C M experiment for mid-Cretaceous geography and four times the present-day atmospheric carbon dioxide concentration (14) (a warmer Cretaceouscase). In both of these cases, the atmospheric forcing is consistent with the Cretaceous continental geometries and only the degree of global warmth is different.
In both of the sensitivity experiments, the pattern of circumglobal flow through Tethys is similar to that in the principal simulation, indicating that these results are not sensitive to reasonable variations in the forcing parameters or in the bathymetry. Consequently, the model results can be taken a s a reasonably robust simulation of the surface current patterns for the reconstructed mid-Cretaceous geography.
T h e current vectors and streamlines ( In retrospect, the previously proposed hypothesis that there was a westward circumglobal circulation pattern seems unreasonable on the basis of the G C M wind stresses and the geometry of Tethys. In the earlier reconstructions, the westward flow in the tropical Pacific and the poleward deflection by the land barrier of Africa are analogs of the modern tropical surface currents and the poleward moving Gulf Stream or Kurioshio currents. However, in the Luyendyk et a/. (1) reconstruction, the Tethys current turned again westward near 30°N and then southward around Africa. In the reconstruction in Fig. 1 , the Tethys current also appears to go around the bulge of Africa. In both of these cases, the flow appears to follow the geometry of Tethys rather than to be controlled by the nature of the wind stress or by a n angular momentum balance. In the numerical ocean model, the poleward moving surface flow turns eastward (because of the position of the westerly winds), developing gyre-like circulations in Tethys much like those in the modern mid-latitude oceans.
Why are the results from the numerical model s o d~fferent from those of the pioneering laboratory experiments by Luyendyk et a/. (I)? Much of the difference might be ascribed t o the physical problems of representing ocean circulation by a rotating dish and by the specific problems associated with representing the equator in these laboratory experiments. Differences in boundary conditions between the laboratory experiments and our model may also be important. T h e Cretaceous continental reconstruction in the laboratory experiment placed Asia too far equatorward, compared to its position in more recent reconstructions, and hence Tethys was simulated as a small (less broad) ocean. Furthermore, the laboratory reconstruction had modern continental outlines and did not include epicontinental seas. The lack of realistic continental outlines also resulted in a narrower and more sinuous Tethys than indicated by more recent reconstructions.
"The results of the numerical ocean model experiments for Cretaceous paleogeography indicate that the concept of a westward flowing circumglobal equatorial current for the Cretaceous and for much of the Mesozoic and Cenozoic must be re-assessed."
Equally important. Luyendyk et 01. (I) assumed that during the warm Cretaceous, the westerlies would be displaced from 30' to 60'N to 40' to 60°N latitude. This assumption of a warm climate was based on a modern "summer" analog. In an additional laboratory experiment based on present-day mean winds (no poleward displacement) and Cretaceous geography, a gyre developed adjacent to theeastern margin of North'America, although the westward circumglobal flow remained the dominant component of the circulation. In contrast, our atmospheric GCM experiments for warmer climates and Cretaceous geography show no evidence of a poleward displacement of the westerlies (15) . The large differences in applied wind stresses and the differences in the shape and size of Tethys may well have contributed to the differences in results between laboratory and numerical models. This last point also indicates that the flow in Tethys may have been sensitive tochanging size and configuration as a function of continental positionsandchanging sealevel. This point was not recognized. however, in earlier reconstructions, as the circumglobal flow through Tethysappears to be a ubiquitous feature of paleoceanographic reconstructions even though continental geometry and sea level evolved during the Cretaceous and Early Cenozoic (2, 3) .
The primary test of the model simulations should be comparisons with observations. Interestingly, despite the large differences between the numerical ocean model simulations and earlier reconstructions based on biogeographic data. the model results are apparently not at odds with the data. The homogeneity and distinctiveness of the Tethyan faunas can still be reasonably explained. The apparent warmth of Europe is accounted for by the poleward flow along the eastern margin of North America and through the poleward deflection of westward flow by the bulge of Africa. The mid-Pacific guyots are in a zone of westward flow and theTethyan affinities couldeasily havea western Caribbean source. Finally. the model simulation provides opportunities for both east.10-west and west.toeast faunal migrations in Tethys. This result suggests that the biogeography, either because of an incomplete record or because the relations between biogeography and ocean circulation patterns are not fully understood. may not provide uniquely determined surface circulation patterns. Physically consistent and comprehensive reconstructions of ocean circulations, which can only be derived from fully resolved ocean circulation models, may be required to assess past ocean circulations.
The results of the numerical ocean model experiments for Cretaceouspaleogeography indicate that theconcept of a westward flowing circumglobal equatorial current for the Cretaceous and for much of the Mesozoic and Cenozic must be re.assessed. At a minimum, earlier reconstructions are probably too simplistic and the circulation may have changed substantially as a function of ocean geometry (continental positions and sea level). The concept of poleward displacement of atmospheric winds during warm time periods, which has not been substantiated with GCM studies, apoarently influenced earlier paleoceanonraphic reconstructjons. ~"rthermore, ocean sur'face curren;re;on. structions based on limited biogeographic data may not tightly constrain surface circulation patterns.
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